Surface topography and chemical composition of mucosal-implant interfaces is thougt to be critical to their clinical success. The aim of our study was to investigate the topography and chemical composition of titanium mucosal-implant interfaces using surface analytical techniques. The mucosal surface compartments of 10 different implant systems were utilized as a test area. The ultramorphological analysis were carried out using Confocal Laser Scanning Microscopy (CLSM), X-ray photoelectron spectroscopy (XPS), Metastable Induced Electron Spectroscopy (MIES), Scanning Electron Microscopy (SEM) and Scanning Force Microscopy (SFM). The surfaces of samples showed different fracturing of metal chips and pitting attack. From the CLSM-and SEM analysis in comparison to the Developed Surface Area (DSA) as ratio of microroughnesses it appears that the diameter of the pits varied in the range of 0,1 to 10 µm. MIES showed the presence of Ti, O and C. Several peaks pertaining to titanium and oxygen can be found. The Ti-surface is covered by a 3-5 nm thick TiO 2 layer. Only titanium in the oxidic, not in the metallic state is found within the observation depth of 1 nm. We find clear evidence from MIES that saturated hydrocarbon chains form the outermost molecular layer. Virtually no signal from TiO 2 is found at the very surface. The results suggest a two-layer structure for the passive film formed on titanium after exposition to the sulcus crevicular fluid. The inner layer has a structure close to TiO 2 , while the outlayer is dominated by CH 2 -groups with a few -C=O groups inside the hydrocarbon overlayer. The granular structure observed on mucosal-implant surfaces seems to indicate that the dissolution occurs at localized defects in the passive film influencing the barrier function of implanto-gingival tissues. This was confirmed by the DSA as a hybrid parameter including both spatial and amplitude aspects of the surfaces.
Introduction
Titanium and titanium alloys (Ti-6Al-4V, Ti-6Al-7Nb) have been the most widely used implant materials. Basic research in implant dentistry has focused mainly on the boneto-implant interface of endosseous implants. Attempts to improve the temporal and quantitative features of induced osteogenesis at implant surfaces must consider the undisturbed implant adherent cellular activities at the molecular level on the osseointegrated titanium implant. The surface oxide limits dissolution of elements and promotes the deposition of biological elements which allow soft tissues exist as close as 30 A to the surface of the implant. The details of the ultrastructure of the gap between the implant and the soft tissues remain undefined, and the consequences of elements which are released on the interface over time are not known. The epithelial interface between the gingiva and titanium appears to contain many structural characteristics of the native toothgingiva interface. Thus, it became clear that both epithelial as well as connective tissue attachment contribute to a protection mechanism in the peri-implant soft tissue/implant interface surface.
1) The connective tissue interface with the Titanium appears to be one of tightly fitting tissues rather than adhesion. 2) In contrast to the periodontium of the natural teeth, around a Ti dental implant the dentogingival fibers mainly parallel to the implant surface serving as a barrier epithelial migration, and thus serving impede bacterial invasion. 3) Therefore the soft tissue integration of an implant necessitates * Corresponding author. E-mail: wolfg@uni-wh.de the integration of three different types of tissue: 4) epithelium, fibrocollagenous connective tissue, bone.
Transmucosal devices in the oral cavity must penetrate the soft tissues comprised of gingival connective tissue and gingival epithelium. Therefore, implants should form a seal at the soft tissue interface to ensure the integrity of the integument and the longevity of osseo-integrated implants. There are several studies supporting the view that microorganisms play a major role in causing periimplantitis. The bacterial colonization process 5) on artificial and natural tooth surfaces including titanium surfaces in the mouth is complex and involves different stages for forming a biofilm:
• transportation of bacteria to the surface through the crevicular suspension medium, • specific interaction between bacterial ligands and surfaces, • aggregation among different bacterial species with "pioneering" species, • biofilm formation. For biofilm formation and therefore early plaque growth, 6) when titanium is exposed to the sulcus crevicular fluid, the titanium surface oxide and surface film dissolution are the two mechanisms for the bacterial adhesion. In the initial stages of biofilm formation, early colonizing bacteria bind to receptor structures in the pellicle, a proteinaceous film formed. Mucosal Ti implant compartments with surface characteristics different from the tooth might affect pellicle formation 7) and the ability of bacteria to colonize the "artificial tooth surfaces".
Salcetti et al. 8) provide new data regarding levels of inflam-matory and growth factor mediators and bacterial pathogens associated with failing implants, as compared to healthy implants. This study found greater detection frequencies of P. nigrescens, P. micros, F. nucleatum ss vincentii, and F. nucleatum ss nucleatum, as well as significant elevations in GCF levels of PGE 2 , IL-1ß, and PDGF in mouths with failing implant sites as compared to mouths with healthy control implants. Furthermore, the counts of P. nigrescens and P. micros were found to correlate with concentrations of PGE 2 at a site level. It appeared that the chemical surface composition of titanium was a fundamental factor in the determination of both, the plaque quantity (thickness as well as coronal extension) and the plaque quality as well as its composition and clinical evidence. Surface-free energy, roughness and the presence of specific molecules adsorbed from the sulcus crevicular fluid onto the titanium surface are suggested to promote colonization. In this context it should be realized that an essential role of epithelium in wound healing is divide and migrate across until epithelial continuity is restored injured during surgery. After concluding the wound healing the epithelial cells have the ability to stick to the implant surface, synthesize basal lamina as well as hemidesmosomes and establish an epithelial barrier. Equally important is the capacity of a normal, uninflamed connective tissue to form an attachment to the titanium surface below the epithelium and in a more superficial location to support the junctional epithelium. The maintenance of normal connective tissues is of critical importance for normal turnover of the epithelial and connective tissue attachments to the titanium implant. The findings from these studies referred to indicate that, during wound healing, an interaction occurs between titanium dioxide on the implant surface and the "apical" part of the supra-alveolar connective tissue. Consequently, once the interaction is established there is no further epithelial migration. In summary, it appears that an optimization of soft tissue interfaces with the Ti implant surfaces is still necessary.
The aim of our study was to investigate the topography, chemical composition, and roughness of titanium mucosalimplant interfaces using different surface analytical techniques.
Material and Methods
The entire epithelium/implant surface-compartments of 10 different implant systems were utilized as a test area. The implants were grouped into three different groups (Table 1) according to the surface treatment carried out to furnish the enossal surface, machined screws, acid etched screws, plasma sprayed cylinders, plasma sprayed screws, and sand blasted large grit acid-etched screws. The groups 9) are: • Group 1. machined, smooth-surfaced ("smooth"), • Group 2. grit-blasted and/or acid-etched ("ablative"), • Group 3. Ti plasma sprayed ("TPS"), The ultramorphological analysis was carried out using Scanning Electron Microscopy (SEM), the Confocal Laser Scanning Microscopy (CLSM), X-ray photoelectron spectroscopy (XPS), Metastable Induced Electron Spectroscopy (MIES) and Optical Profilometry (Fig. 1 ).
SEM-analyzes
Ultramorphological analysis of the surfaces was carried out using a Philips scanning electron microscope (Philips XL 30 FEG) at 20 kV. As detector the secondary electron detector was used. Prior to SEM investigation the specimens were sputtered with gold-paladium using a Bal-Tec Scd 050 sputter to achieve a better resolution. All SEM images were taken at a gas pressure of 20 Pa (0.2 mbar) using a magnification of 2000x with an image size 739 µm × 554 µm allowing correlation with the CLSM.
CLSM-analyzes
The used CLSM analyzes was described in a previous publication 10) in detail. Briefly, the CLSM (CLSM Aristoplan, LEICA TCS SP2 X1, Germany) focuses an laser beam (633 nm) to a small in-focus plane and records the intensity of reflection by the surface. Moving the sample stage in a vertical z direction generates a series of microscopic "tomography-like" images between the first and the last detectable light reflex.This resulted in tomographic images of 300 µm × 300 µm with each 1024 × 1024 pixels of 256 grey scales. With an objective of 50x/0.80 T, an area of Table 1 Analyzed implants grouped into three different groups according to the surface treatment carried out to furnish the enossal surface. The Groups are: Group 1. machined, smooth-surfaced ("smooth"), Group 2. grit-blasted and/or acid-etched ("ablative"), Group 3. Ti plasma sprayed ("TPS"). 125 × 125 µm 2 was scanned the position of the maximum intensity inside the image stacks leads to a function z(x, y), which may be converted into a gray scale by the TOPO mode of the CLSM (z: 0.15 µm, 100-150 images per stack).
Optical profilometry
For measuring the microroughness of the mucosal interfaces all implants were cleaned in 70% Ethanol. The measurement was carried out by the UBM Analysis-System, Version 2.0. The optical sensor used a laserdiode with a power of 3-5 mW and a wavelength of 780 nm. The working distance was ca. 2 mm, the scanning speed ca. 1, 2 kHz. The measurement was done on a 0, 7 mm long distance at a solution of 1000 measured points/mm. 6 different kinds of microroughness were analyzed:
• Ra values,
• Sk values The measurement was carried out four times in the longitudinal direction of the implant. For each implant the standard failure and the median roughness was calculated.
X-ray photoelectron spectroscopy (XPS) and metastable induced electron spectroscopy (MIES)
The surfaces of mucosal-implant interfaces have been characterized by X-ray photoelectron spectroscopy (XPS) and Metastable Induced Electron Spectroscopy (MIES) using standardized commercially pure Titanium and alloyed Titanium templates of the mucosal Ti implant compartments.
The experiments were carried out with the Leybold instrument MAX 100. It is equipped with components to perform XPS, AES, UPS, MIES, ISS and LEED. In the present study the two techniques XPS and MIES were used. MIES yields information on the chemical composition at the top surface layer. Knowledge on the elemental composition at the surface is provided by XPS, the observation depth being several nanometers. XPS has the additional property that yields information on the chemical state of the identified elements.
Important for the present study is the fact that we have equipped the machine with a source of He * -atoms that has been built by Leybold according to our specifications. A short characterization will follow here. The He gas discharge excites He atoms to their metastable states He * (2 3 S, 2 1 S) and produces photons of the HeI resonance line. A chopper wheel allows to separate He * -atoms and HeI by a time-offlight technique. The separation between source and probe amounts to 29 cm. In between the beam is purified: He + ions and atoms in long lived excited states are removed by an electric field and the second metastable state He (2 1 S) can be quenched by irradiation with He (2 1 P → 2 1 S) photons from a He-discharge lamp. Both, metastable helium atoms as well as HeI-photons cause electron emission at the investigated probe. The analytical methods described above are housed in the main chamber which is evacuated to the background pressure of 10 −8 Pa. Probes are admitted via a differentially pumped lock. Only when the pressure in the lock is below 10 −7 the valve to the main chamber is opened and the probe transferred. Bringing the probe into the lock can be done very fast. Between the preparation of a probe (in our case breaking the seal of the titanium implant package) and placing the probe into the lock including pumping down to a pressure that virtually excludes further contamination from the atmosphere less than two minutes elapse. Further details on the MIES technique can be found in Morgner.
11)
For analysis the titanium probe was removed from its sealed package and placed immediately into the vacuum. The results were obtained without applying the standard cleaning techniques because the status of the surfaces as used by a dentist were to be explored.
Statistical analysis
All tests were repeated four times at different areas of the specimens. Mean, maximum, and minimum standard deviations are calculated separately for the CLSM and optical profilometric data. The effects of the different methods on the amplitude of surface roughness Ra were assessed by analyzes of variance. The expected value of the fraction of CLSM and optical profilometric data were calculated by the delta method.
12)

Results
SEM-analyzes
The Fig. 2 shows micrographs of transmucosal surfaces of the investigated implant systems. Surprisingly, the surface morphology of samples is quietly different. The characteristic turning pattern appears in the pictures. The surfaces of samples showed different fracturing of metal chips and pitting attack. From the SEM analyses it appears that the diameter of the pits varied in the range of 0, 1 to 10 µm. It is suggested that the light particles that were formed during turning and are loosely bonded to the surface. The surface of sample S/t shows pronounced fracturing of metal chips. The surface of sample I /e shows a noticeable pitting attack. Implant S/t shown in the graph is characteristic for a surface layer form the melt of a metal with high solidification temperature. The surface becomes rough with deep craters and trenches.
Optical profilometry
The Fig. 3 shows the median microroughness of the investigated mucosal-implant interfaces after repeating the measurements four times at different areas of the specimens. The highest degree of median roughness (Fig. 4) showed the S/t implant manufactured from Ti-grade 4 and supplied with an TPS-surface. The De/b implant with Ti-grade 1 and the acidetched surface also showed a clearly rougher surface than the other implant systems. The lowest degree of median surface roughness showed the implant N and I /m. Both implants were machined from Ti-grade 1. These surfaces were not provided by a special treatment to gain a special kind of surface pattern after manufacturing the implant body by the CAD/CAM machines. Scanning Force Microscopy Fig. 3 Median microroughness of the investigated mucosal-implant interfaces after four times repeated measurements at different areas of the specimens. Fig. 4 Degree of median roughness measured by optical profilometry.
X-ray photoelectron spectroscopy (XPS) and metastable induced electron spectroscopy (MIES)
The XPS analyzes clearly showed the presence of Ti, O and C. Several peaks pertaining to titanium and oxygen can be found. This is to be expected since earlier studies showed already that the surface of machined titanium is covered by a 3-5 nm thick TiO 2 layer. Indeed, our XPS spectrum in the Fig. 5 gives clear evidence that only titanium in the oxidic, not in the metallic state is found within the observation depth of XPS which amounts to several 1 nm. The chemical shift of the oxygen peak is indicative for O 2− from a metallic oxide. This fits the observation that titanium is found to be in the TiO 2 state. In agreement with studies of Olefjord et al. 13) we found carbon in XPS. The detailed analysis of the spectrum assigns the dominant part of the carbon signal to -CH 2 -groups (polyethylene) whereas a small fraction of the signal is due to carbon atoms near either oxygen or other oxidizing species like halogens. As no trace of halogen is found we conclude that this feature is caused by oxygen forming. The angular resolved version of the X-ray photoelectron spectroscopy (ARXPS) allows to evaluate a concentration depth profile of the identified elements C, O, Ti as shown in Fig. 6 . MIES (not shown) gives clear evidence that saturated hydrocarbon chains form the outermost molecular layer. Virtually no signal from TiO 2 is found at the very surface. The existence of hydrocarbon double bonds or of lone pair p-orbitals can be excluded at the top surface. We have to conclude that the aforementioned -C=O must exist in deeper layers of the hydrocarbon film covering the probes.
CLSM-analyzes
The visualization of the sample surfaces is given in the Figs. 7 and 8. With higher roughness of the analyzed mucosal-implant interfaces, TOPO-modes of the CLSM show an increasing number of "spikes" on the surfaces (Fig. 9) . The visual impression of the surfaces with increasing surface roughness seem to be smoother, which stands in contrast to the roughness values obtained by the optical profilometry.
Discussion
From the chemical point of view the analyzed mucosalimplant interfaces showed similar tendencies. Titanium, oxygen and carbon signals were always detected. The dominance of titanium and oxygen signals supported that the surfaces consist mainly of a titanium oxide layer. When titanium is exposed, a passive film is formed naturally on the titanium surface. The results obtained by our XPS analyzes suggest a two-layer structure for this passive film. The inner layer has a structure close to TiO 2 , while the outlayer is dominated by CH 2 -groups with a few -C=O groups inside the hydrocarbon overlayer, but not at its very surface. The influence of contaminants on the dissolution rate of titanium in the sulcular fluids has not been studied. It is suggested that organic compounds lower the dissolution rate of titanium. 13) The granular structure observed by SEM analysis on mucosal-implant interfaces titanium seems to indicate that the dissolution occurs at localized defects in the passive film influencing the barrier function of implanto-gingival tissues. The relatively strong carbon signal showed by the XPS analyzes can be assigned mainly to surface contamination by absorbed organic carbon-containing molecules, which is a normal observation for air-exposed surfaces and it can be considered to be undesirable for soft tissue interactions with the titanium surfaces. The titanium ions that originate from the inner layer of the passive film may then react with radicals and form some titanium (IV)-H 2 O 2 complex.
Mucosal-Implant Interfaces
X-ray photoelectron spectroscopy analyses 14) of titanium samples indicated the presence of calcium, phosphorus, sodium, and chlorine after immersion in a protein-free physiologic solution. The oxide on titanium became heterogeneous and polarized as a function of exposure to model physiologic environments. 15) Changes included an increase in surface hydroxyl groups, and adsorption of H 2 PO . Employing two immersion schemes Healy and Ducheyne 16) determined the titanium released into a solution of accumulated dissolution products; and the differential continuously replenished the test solution. Prior to immersion two types of hydroxyl (OH) groups were distinguished on the TiO 2 surface. Upon immersion, the chemistry of the surface changed as a function of immersion: the presence of OH groups increased and P (nonelemental) was detected at the surface. These mechanisms explain the observed dependence of dissolution kinetics on the properties of the surface oxide and solution ligands. Investigating the influence of the chemical composition on the early biofilm formation on alloyed and cp titanium surfaces Grimm et al. 17) have shown that the greater thickness of CH 2 -layers and the relatively high content of O 2 in between of CH 2 -layer and TiO 2 -layer of alloyed Ti may explain the differences in early bacterial adhesion between the investigated Ti surface conditions. The surface oxide limits dissolution of elements and promotes the bacterial adhesion. Xiaolong Zhu and coworkers 18) could show the interconnected pores (ca. 1-2 m in diameter) and intermediate roughness (0.60-1.50 µm) of anodic oxides. In addition, the anodic oxides contained a mixture of amorphous, anatase, and rutile oxides. With an increase in the anodizing voltage and/or concentration of calcium incorporated into the oxide, the degree of oxide crystallinity increased.
The various Ti surface modifications of the analyzed mucosal-implant interfaces had little effect of the surface roughness. Quirynen and his coworkers [19] [20] [21] [22] performed a series of clinical-controlled studies showing that surface parameters like surface free energy and especially surface roughness have a signifant influence on biofilm formation only from a certain roughness value. The threshold Ra-value was suggested as 0.2 µm. 23) Reduction in surface roughness below this threshold had no further effect on the biofilm formation. 24) This will be confirmed by the concentration depth profiles measured on the investigated mucosal Ti implant compartments.
Conclusions
(1) Exposure of Ti-mucosal-implant interfaces to oxygen at room temperature provided an overall 1 nm-thick passive oxide layer film formed as a two-layer structure on the titanium surface, but not at its top-layer. The inner layer has a structure close to TiO 2 , while the outlayer is dominated by CH 2 -groups with a few -C=O groups inside the hydrocarbon overlayer.
(2) Titanium dissolution occurs at localized defects in the passive film influencing the barrier function of implantogingival tissues.
(3) The relatively strong carbon signal can be assigned mainly to surface contamination by absorbed organic carboncontaining molecules and varying very less between the implants from the different suppliers.
(4) With higher roughness TOPO-modes of the CLSM show an increasing number of "spikes" on the surfaces.
(5) The surface morphology of Ti-mucosal-implant interfaces analyzed by SEM is quietly different showing characteristic turning pattern and different fracturing of metal chips and pitting attack with depth varying in the range of 0,1 to 10 µm.
